We demonstrate a photonic quantum simulation on a quantum frequency processor, computing the effective interaction potential between composite particles in the Schwinger model and determining the binding energies of three nuclei ( 3 H, 3 He, and 4 He).
Introduction.-Photonics offers a versatile platform to process quantum information with low noise in a multitude of encodings. Recently, we developed an approach for universal quantum information processing based on frequency bins, with quantum operations realized with standard telecommunications equipment [1] . Here [2] we experimentally apply this paradigm to quantum simulation, implementing the variational quantum eigensolver (VQE) [3] in the context of subatomic physics, computing the interaction potential of composite particles in the Schwinger model, as well as the binding energies of nuclei 3 H, 3 He, and 4 He using an effective field theory (EFT) description. Combined, these results represent an important first step in applying quantum computation to address Grand Challenge problems in subatomic physics, bridging scales from quarks to nuclei.
Quantum hardware.-We adopt our previously-developed quantum frequency processor (QFP)-a photonic device comprised of a sequence of electro-optic phase modulators (EOMs) and pulse shapers (PSs), capable of performing arbitrary, unitary transformations on frequency-bin qubits. As detailed in [2] , for many-body Hamiltonians projected onto single-particle subspaces, a variational wavefunction can be mapped onto the mode-entangled state of a single photon. (Moving forward, multiphoton encoding will be important to explore as well, which should enable improved scaling to larger systems.) The measurements required to compute the energy of a particular wavefuction |Ψ(θ ) amount to observing the flux in each output frequency bin, preceded by applications of the Hadamard gate between all bin pairs. Previously, we demonstrated 33 parallel high-fidelity Hadamard operations across the entire C-band on a 2EOM/1PS QFP [4] , so that the quantum operations necessary for the simulation are readily available. Following each energy calculation, a classical computer calculates the parameter gradient and generates a new θ for state preparation in the next round. The calculation is repeated with updated trial states until a local minimum is obtained. Figure 1 (a) provides a schematic of the setup. Due to the single-photon encoding, the input state preparation can be realized by a coherent electro-optic frequency comb, with an extra pulse shaper setting the relative amplitudes and phases for each comb line according to the parameter set θ . A total number of 10 comb lines are prepared as the Fig. 2 . Ground-state energies for 3 H, 3 He, and 4 He nuclei computed with the QFP.
input of the QFP, on which we program five parallel Hadamard gates with 99.9999% fidelity [2] . The optical power difference after the frequency-beamsplitting operations can be recorded with an optical spectrum analyzer (OSA). The use of five parallel beamsplitters (as well as the natural parallelization in our QFP and the OSA) reduces the required number of distinct measurements by a factor of five in our case.
Schwinger model.-Quantum Electrodynamics in 1+1 dimension, the Schwinger model [5] -which shares important characteristics with lattice quantum chromodynamics (QCD), the microscopic model of quark interactions-is receiving new attention in the context of quantum simulation [6, 7] . Here we consider nondynamical static charges, which are screened by deformations in the quantum vacuum and interact with the fermions only through their contribution to Gauss's law. Such systems are analogous to heavy mesons containing a bottom or charm quark. The energy and wavefunction of the vacuum, single static charges, two like-sign and two-opposite sign static charges, and three static charges of distinct charge combinations are calculated on the QFP by applying VQE to four-spatial-site Hamiltonians. These solutions may be combined to compute the full potential energy between two and three static charges over a range of separations. Figure 1(b) shows the fit potentials obtained for charge pairs; Fig. 1(c) plots two three-body cases, with two of three charges at fixed sites. Importantly, these results utilize a Hilbert space up to 68 dimensions and represent the first VQE calculation of the potential between composite particles in the Schwinger model.
Nuclei binding energies.-Zooming out from the microscopic lattice description, we also apply our QFP to compute the ground-state energies of nuclei modeled via EFT-a hierarchical, schematically-improvable approach to describe nucleon interactions [8] . In our model, we employ Hamiltonians at next-to-leading order in pionless EFT with a finite basis consisting of eigenstates of the spherical harmonic oscillator. The resulting Hamiltonians are again minimized by VQE; for each nuclear system, we minimize over three separate matrices, each corresponding to a particular spatial model extent L. From these results, we estimate the ground state by extrapolating out to L → ∞. Figure 2 plots the results for three nuclei: 3 H, 3 He, and 4 He. The blue points are values obtained on the QFP, and the red are leading-order extrapolations (grey shading reflects estimated systematic uncertainties). For comparison, the solid blue and dashed grey lines represent the exact EFT predictions and the empirically known binding energies, respectively.
Conclusion.-A major goal in nuclear physics research is to tie the EFT descriptions of nuclear matter and heavy nuclei to their microscopic origin through numerical calculations with lattice QCD. Quantum computation looks to have a major impact in reaching this goal, and our frequency-based photonic simulations here provide an important glimpse into quantum simulation's potential to realize this end.
